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over 10% power conversion effi ciency. [ 1, 2 ] The majority of the investigated organic photovoltaic (OPV) cells are based on an intimate mixture of a conjugated polymer (donor) and a fullerene derivative (acceptor): a bulk heterojunction with intrinsic disorder, and thus localized electronic states. Functioning of these devices is understood as a sequence of steps; upon absorption of a photon by the donor (or acceptor) an exciton is created, which, via some charge transfer (CT) state is split into free charges that subsequently are transported to the appropriate electrodes after which they can deliver work in an external circuit. The last part of this chain of events constitutes a charge transport problem that sets the shape of the currentvoltage characteristic of the operational device. The key parameters in this are the electron and hole mobilities: they set the time needed by the photocreated charges to be extracted from the device by the effective electric fi eld, and determine how fast electrons and holes meet to recombine. It is common to make the implicit assumptions that these mobilities (a) correspond to the values in a near-equilibrium situation and (b) can be determined from many different kinds of experiments. Mobilities are thus considered a material constant (apart from a possible density or fi eld dependence that are considered unimportant at the fi elds and densities encountered in OPV devices. [3] [4] [5] In fact, assumptions (a) and (b) convey a view on OPV cells as near-equilibrium devices that are at least in local thermal equilibrium so Fermi-Dirac statistics can be employed and local (quasi) Fermi levels can be defi ned. Empirically such a view seems fully justifi ed by the success of drift-diffusion models in describing OPV current-voltage characteristics [ 4, [6] [7] [8] [9] and of Shockley-type models in describing the light intensity dependence of the open circuit voltage V OC . [ 8, [10] [11] [12] [13] Here we demonstrate that these assumptions are invalid.
We combine transient electro-optical experiments and kinetic Monte Carlo modeling [ 14 ] on the representative, wellperforming polymer:fullerene system TQ1:PCBM [ 15, 16 ] to show that charge transport in OPV devices is orders of magnitude faster than that anticipated on basis of near-equilibrium mobilities. Moreover, the transport process is found to be extremely dispersive, leading to orders of magnitude spread in extraction times under operational conditions. The motion of photogenerated charges is highly diffusive and governed by relaxation in
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Introduction
Carbon-based semiconductors allow for a low-cost alternative to inorganic solar cells. the disorder-broadened density of states (DOS). Consequently the mean carrier mobility is very much time dependent, in fact in an operational OPV device the majority of charges do not relax to (local) thermal equilibrium during their presence in the device. The incomplete relaxation gives rise to a remarkable energy dependence of the current density distribution, where in fact the most relaxed charge carriers move (diffusively) against the fi eld, reducing the net photocurrent. Importantly, the dispersion in extraction times of photogenerated charges under CW operation at ∼1 Sun can be experimentally determined from the response to pulsed (laser) illumination. The transient motion of photocreated charges was probed over a wide range of times by combining time-of-fl ight, or time-resolved photocurrent measurements (TOF), with optical probing of the electric fi eld by means of time-resolved electric fi eld-induced second harmonic generation (TREFISH). [ 14, 17 ] The time-resolution of conventional transient electrical measurements is limited to tens of ns. To measure photocurrents during the ps-ns time window we have therefore used an optical detection scheme enabling sub-picosecond time-resolution (see Experimental Section and SI section 6). The changing electric fi eld due to the motion of photogenerated charge carriers is probed by recording the intensity of the EFISH signal, i.e. the second harmonic of the probe beam, which is electric fi eld dependent as 2 F ∝ . The change in electric fi eld can then be straightforwardly transformed into an amount of extracted charge (see SI section 6). Combining these techniques allows to follow the photocurrent response of our polymer:fullerene solar cell over six decades in time. While similar in methodology, the present work extends the previous work [ 14 ] by Vithanage et al. beyond the ns regime by combining TREFISH and TOF, and focuses on charge extraction dynamics rather than charge separation.
Having access to experimental information on charge motion down to the time scale of single hopping events is crucial for obtaining a complete physical picture of the operation of OPV devices. Kinetic Monte Carlo is the natural framework for interpreting ultrafast transport data as it offers a more direct, real space connection to the physical reality of charges hopping between localized states than for instance drift-diffusion models with time-dependent mobilities or a phenomenological tail of trap states. Even though transient phenomena like charge carrier relaxation and dispersion are inherently included in kinetic MC, they have so far received little attention, if any at all, as previous MC studies focused on steady-state phenomena and/or on mean values instead of on statistical spread. The unique time window offered by the combination of TREFISH and TOF experiments allows us to exploit the full potential of kinetic MC to follow processes in time. In order to interpret the experimental data in Figure 1 a it is instructive to compare these to what would have been obtained in case charge transport was non-dispersive and governed by near-equilibrium mobilities. The hopping parameters used in the simulations (see SI section 2 for a detailed discussion) correspond to near-equilibrium mobilities of μ e = 4 × 10 −4 cm 2 /Vs and μ h = 6 × 10 −6 cm 2 /Vs, as calculated from Eq. (3) in Ref. [ 3 ] which we shall use here; comparison with experimentally determined mobilities shall be done below. Assuming a homogeneous generation profi le, which is a reasonable approximation for the present semitransparent devices (see SI section 5), these mobilities translate into linear extraction profi les as schematically shown in the inset of Figure 1 a. The linearity fol- with d the layer thickness and V eff the effective voltage. For V eff = −1 V, i.e. around short circuit, these traces are plotted as shaded areas in the main panel; the mobilities mentioned above give rise to mean electron and hole extraction times of 0.06 µs and 4 μs, respectively. On basis of the large difference in t ex it may (in lowest order) be expected that the vast majority of electrons will have been extracted from the device before signifi cant hole extraction takes place.
Results
Two crucial features are evident when comparing the shaded area to the actual experiment. First, charge collection starts orders of magnitude faster than the near-equilibrium mobilities allow, i.e. they do not give a relevant estimate of the actual extraction time. Second, apart from underestimating how rapid extraction is also the shape of the extraction curve is completely different from that of the non-dispersive (linear) prediction; the experimental trace is close to log-linear. Since the horizontal axis may also be read as an extraction time this indicates that there is a wide distribution of extraction times. This can be attributed to dispersion or a time-dependent mean mobility. Below, we will show that both effects are important. In either case, the near-equilibrium mobility is a poor measure of the actual charge motion in operational solar cells; it not only underestimates the actual charge velocity by several orders of magnitude but also misses the wide spread in extraction times.
Deeper insight into the dispersive motion of photocreated charge carriers in OPV devices can be gained from the simulation of experimental data in Figure 1 by a kinetic Monte Carlo model, which is a well-established technique for this type of problem. The model accounts for the hopping charge motion in the energetically disordered donor-HOMO and acceptor-LUMO levels in the bulk heterojunction and keeps track of all Coulomb interactions as well as mono-and bimolecular recombination and diffusion; see the Experimental section and the Supporting Information for more details. Our Monte Carlo simulations (dashed lines in Figure 1 ) reproduce well the two key features of the experiment: the dispersive shape of the charge extraction curve and the fact that charge extraction is much faster than would be expected on basis of near-equilibrium mobilities.
The hopping parameters for the electrons and holes could be independently obtained from the bias-dependent TREFISH + TOF curves in Figure 1 a by making use of the fact that electron extraction is almost complete before hole extraction commences. This method is not only justifi ed on basis of the anticipated near-equilibrium mobilities but also by the exact shape of the TREFISH + TOF curves: they reveal intermediate saturation on a several ns time scale when approximately half of the total charge (electrons) is extracted. TREFISH experiments of a device with a thick active layer further support this claim, see additional TREFISH experiments (section 6 in SI). The part of the curve corresponding to the fi rst half of extracted charges was therefore used to determine the electron hopping parameters; see SI, section 2, for an account of how the parameters have been estimated. Likewise the hole parameters have been obtained from the second half of extracted charges.
The fi eld dependence of the amount of extracted charge is plotted in Figure 1 b. It is indicated for the characteristic time of 3.2 ns, where the TREFISH measurement ends (open squares), and at long times when all charge is extracted (fi lled squares). At 3.2 ns signifi cant hole extraction has not taken place, so only electron kinetics are probed. Clearly the simulation (dashed lines) captures the fi eld dependence of the extraction kinetics very well. Apart from some deviations at low effective fi eld, the total amount of extracted charge is well reproduced by the model, suggesting a reasonable description of recombination kinetics in this fi eld regime. Recombination kinetics is, however, not the main purpose of the present work. The fact that equilibrium mobilities are a poor measure of the actual kinetics is once more highlighted by the shaded area, which has been calculated for steady-state mobilities while ignoring recombination and thereby forms an upper limit.
As discussed above, the large spread in extraction times of photocreated charges in OPV cells can either be due to dispersion or a time-dependent mean mobility or a combination of both. In contrast to the experiments, the MC calculations can easily separate the two effects. Figure 2 (right y-axis) displays the transient mean total mobility, i.e. the sum of the mean electron and mean hole mobilities, extracted from Monte Carlo simulations with the same hopping parameters as used above. In line with the results in Figure 1 the mobility is far from constant; only beyond the µsec-range does it level off. The noise in the simulation at these times stems from the fact that by then the vast majority of charges have recombined, making it virtually impossible to reach converged results in this manner. Nevertheless the predicted steady-state total mobility, which is entirely dominated by the larger electron mobility, agrees quite well with the near equilibrium value for μ e = 4 × 10 The simulation results in Figure 2 are essentially independent of the initial concentration, i.e. light intensity. That means that on the time and energy scales relevant to charge extraction in OPV devices carrier kinetics and relaxation are not signifi cantly affected by state fi lling effects; this is in stark contrast to the corresponding near-equilibrium situation where state fi lling is important at much lower concentrations. [ 18 ] It thus allows to translate these results to OPV cells under steady state (CW, 1 Sun) operation.
Discussion
Let us now turn to the physical reason for the fast charge carrier motion and its dispersion. In earlier work, we have suggested their relevance to OPVs. [ 19, 20 ] Also in a few recent papers the importance of fast, mainly diffusive motion of photogenerated charges was again highlighted. [ 14, 21 ] This motion is driven both by entropic effects and by the ability of the charges to relax in the disordered density of states (DOS): white light excitation leads to electron and hole populations with mean energies at the center of the donor HOMO and donor LUMO (if signifi cant exciton diffusion takes place this may cause some relaxation). However, as electron transfer to the acceptor is an energetically downward process this will, for statistical reasons, again lead to an electron population that is centered around the (acceptor) LUMO -assuming the electron is the charge that gets transferred; the hole population remains unchanged (and partially relaxed in case exciton diffusion is signifi cant) upon charge transfer. Hence the electron and the hole can substantially relax in their respective DOS after charge transfer. This motion (a) is energetically downward even though the remaining CT binding energy of ∼0.2 eV needs to be overcome [ 21, 22 ] and (b) is therefore very fast. In contrast, near-equilibrium motion is governed by hops that are energetically upward (from the equilibrium energy to some transport energy) [ 23 ] and is therefore much slower.
The relaxation curves in Figure 2 (left y-axis) quantify the picture sketched above. Although exciton diffusion is incorporated in the MC simulations it does not lead to substantial relaxation before charge transfer takes place: it would give rise to simultaneous relaxation of the mean electron and hole energies which is not observed. Hence both the electron and the hole relax by hopping motion, starting at the acceptor LUMO energy (-4.1 eV) and the donor HOMO energy (-5.7 eV), respectively. Due to their faster hopping, electron relaxation starts before hole relaxation (see SI section 10). As relaxation continues, the number of 'easy' hops, i.e. energetically downward or only slightly up, decreases and therefore the mobility decreases. Note also that especially the electron population does not reach equilibrium (at an energy of -σ 2 / k B T below the LUMO center): the line stops where poor statistics due to the vanishing population set in. The last remaining holes do reach near-complete relaxation which is due to the lesser disorder in the donor HOMO than in the acceptor LUMO ( σ h = 0.1 eV vs. σ e = 0.12 eV) which greatly affects the relaxation speed. [ 24 ] This does not mean that all holes have relaxed before leaving the device, as will be extensively discussed in the sections below.
The main topic of this paper is dispersive charge dynamics. We shall, however, in this paragraph briefl y address the relation of the present fi ndings with earlier works focusing on charge separation in similar systems. The simulations as presented above predict an exciton-to-free charge dissociation yield of 0.89 at short circuit, which is fully consistent with the measured IQE of ∼0.90. This dissociation probability only drops when a CT complex is formed in which initially both the electron and the hole sit on low-lying sites, i.e. sit substantially below the DOS center. [ 21 ] This is consistent with a recent experimental work in which it was shown that IQEs of 90% and above can be maintained for long-wavelength excitation: no difference between excitation in the center of the CT band and in the donor S1 state was found. [ 25 ] The effi cient free charge generation is an emergent property of our kinetic MC treatment in combination with the parameters used. The present results are, however, consistent with the mechanism for charge separation put forward in Ref. [ 21 ] and in fact extend those results to operational OPV devices and state-of-the-art materials. In Ref. [ 21 ] it was argued that the energy loss associated with relaxation of photocreated charges in a disordered DOS is of the same order or larger than the binding energy of a CT complex and can therefore be used to effi ciently dissociate a CT complex into free charges (see SI section 3 for an illustrative cartoon). Figure 2 shows that also for the TQ1:PC 71 BM system the energy loss by electron relaxation is substantially larger than the CT binding energy of around 0.2 eV. [ 22 ] In addition, entropic effects, that are automatically included in the MC simulations, further enhance separation effi ciency. [ 14, 26 ] We conclude this paragraph by noting that although the P3HT:PCBM system in Ref. [ 14 ] and our TQ1:PCBM system give rather similar responses in TREFISH, corroborating the general nature of the present conclusions, Ref. [ 14 ] focusses entirely on the implications for charge separation, not addressing dispersion.
The energies and mobilities discussed so far are statistical means for the populations surviving at the indicated time. Hence, variations within these populations are not shown. In fact, such variations are an important cause for dispersion. As hopping charge motion is a statistical process, charges that happen to hop to a (very) low-lying state will take (very) long to be extracted. Conceptually it is tempting to consider such deep states as traps; [ 27 ] however, there is no fundamental difference between deeper and less deep states in the (Gaussian) DOS. In all cases charge motion, and concomitant relaxation is by hopping between localized states in a disordered energy landscape.
The dispersive motion of photocreated electrons and holes is characterized in Figure 3 . The top panel of Figure 3 a shows the transient mean electron and hole mobilities calculated for the TREFISH/TOF experiment in Figure 1 a at V eff = −1 V (see SI section 8 for dispersion at MPP). As expected, at long times both relax to the steady-state values indicated by the horizontal bars. These confi rm that the measured photo-CELIV mobilities (fi lled and open symbols) refl ect a near-equilibrium value for electrons and holes. The middle panel shows the distribution functions (per unit log-time) of the electron and hole extraction times (dark grey and light grey shaded areas, respectively), i.e. the time needed for each charge to be extracted after its photocreation. As these histograms have an approximately log-normal shape, their means sit on the right The normalized integrals of the distribution functions are presented in the bottom panel and refl ect the fraction of charges that have been extracted after a certain time. Importantly, at the mean extraction time, about 80-90% of all photocreated charges have been extracted already. In fact, about 50% of all charges are more than an order of magnitude faster than the mean. This shows, once more, that mean extraction times are a very poor measure of the actual kinetics in OPV devices.
A crucial question is whether the TREFISH/TOF results, obtained after pulsed excitation, can be directly translated to operational solar cells that are CW excited with lower light intensity and concomitant lower charge densities. The affi rmative answer to this question lies in the comparison of the above discussed results with simulations carried out with exactly the same parameters and (homogeneous) generation profi le as in the TREFISH/TOF simulations but using continuous excitation with approximately 1 Sun intensity. The solid black lines in Figure 3 a (middle panel) show the extraction time distribution functions obtained from device simulations under steady state, which now refl ect the time lag between carrier photogeneration and extraction. Good agreement between distribution functions is obtained from simulations under pulsed and CW (steady state) illumination conditions. This shows that pulsed excitation adequately refl ects processes under CW excitation. Consequently, the averaged sum of the integrated electron and hole distributions as obtained from simulation under CW excitation perfectly reproduces carrier extraction kinetics obtained from simulations under pulsed excitation (solid black and dashed black lines in bottom panel of Figure 3 a) . This is a key result as it allows to make statements about the dispersive charge kinetics during normal (CW, ∼1 Sun) solar cell operation on basis of pulsed (laser) measurements, as will be discussed below. The bottom panel of Figure 3 a shows that, at least for sufficiently thin devices, the shape of the TREFISH/TOF response curve (dashed black line) is equal to the sum of the integrated distribution functions during steady-state operation (solid black line). The important consequence is that by calculating the log-time derivative of the TREFISH/TOF curve the distribution of extraction times in the solar cell under CW (1 Sun) operation can be obtained. This is shown in the b panel of Figure 3 where the thick solid lines are now the experimental extraction time distribution functions obtained as d (Δ Q )/ d (log t ) of the (smoothed) experimental data in Figure  1 (a) . Smoothing was accomplished by separately fi tting TRE-FISH and TOF data by a sum of exponentials and is the cause of the small additional bumps in the experimental curves. Fitting converged at 2 and 3 exponentials for the TREFISH and TOF respectively. Error bars indicate the largest error if a different number of exponentials (3 and 2 respectively) would have been used instead. The dashed curves show the distributions obtained by applying the same method to the corresponding MC simulations. Given the noise in the experiments the agreement between distributions obtained from experimental and simulated data is rather satisfactory: a double peak structure is clearly visible, confi rming the previously assumed time lag between electron and hole extraction. Moreover, the simulations do follow the experiments both in the magnitude of the dispersion, as can be measured by the shape and width of the separate peaks, and in the position and fi eld dependence of the peak maxima.
The strong dispersion in extraction times shown in Figure  3 suggests that in operational solar cells most of the photocurrent is carried by the fastest charges, i.e. the charges that do not get stuck in a deep site. On the other hand charges that make up most of the density of occupied states (DOOS) are those that do get stuck and cause a build-up of space charge. The left panel of Figure 4 a shows that this intuitive distinction between more and less mobile charges can indeed be made. Plotted are the simulated steady-state electron and hole DOOS obtained from device simulations during CW ≈ 1 Sun illumination at V eff = −0.2 V (≈maximum power point (MPP), solid lines) and at V eff = −1.0 V (short-circuit, dashed lines). Due to the higher electron mobility the electron DOOS is lower than the hole DOOS; both decrease with increasing fi eld as expected. Note that the DOOS peaks do not lay at σ 2 / k B T (dotted lines) below the LUMO or above the HOMO center, indicating incomplete thermalization of charge carrier distributions under steadystate conditions. This refl ects the fact that charges typically leave the device, either by extraction or recombination, before they have thermalized in the DOS. In this context it is crucial to keep in mind the difference between thermalization by hopping around in an energetically disordered landscape, which is considered here, and on-site thermalization (not considered) in, for instance, a vibrational manifold. [ 26 ] More surprising is the energy-resolved current density in the right panel of Figure 4 (a); j ( E ) is a distribution function of the current density over energy; integrating j ( E ) gives the total current density that is positive and equal for both electrons and holes. Both the electrons and the holes show a positive contribution to the total current from lesser relaxed carriers and a smaller, negative contribution from more relaxed carriers. The positive and negative current peaks are due to, respectively, the drift and the net diffusion contributions to the total current. The drift contribution simply follows the direction of the electric fi eld and is therefore positive. The negative sign of the net diffusion contribution can be understood as follows: taking the holes as an example, the hole current density increases towards the hole extracting contact which follows from the fact that charges generated in an increasingly large fraction of the total fi lm thickness contribute to the (local) current density. [ 28 ] From this and the fact that charges that traveled longer distances will be further relaxed it follows that also the hole density increases towards the hole extracting contact as shown in Figure 4 (b) . This leads to a charge density gradient (a) that is mostly directed away from the extracting contact and (b) that consists mainly of 'relaxed' holes. Hence the sign of the net diffusion current is negative and the peak in the hole DOOS coincides with the negative peak in j ( E ). Similarly the same can be explained for electrons. Hence, further relaxed charges do not only contribute less to the net current, they in fact counteract the net current due to the negative density gradient that gives rise to diffusion away from the contact. It should be kept in mind that drift and diffusion currents running in opposite directions are a well-understood characteristic of Ohmic contacts in general. [ 29 ] The distinct feature of the situation in Figure 4 is that these currents fl ow at different energies, once more highlighting that the system is far from equilibrium.
A practical implication of the above results is that mobilities found in one experiment are not necessarily relevant to the other, even if both are in the same density regime. The strong time dependence of the mobility of photocreated charges in combination with the fact that the vast majority of these charges get extracted before full thermalization occurs makes mobilities from 'slow' experiments, that effectively probe the mobility of (almost) completely relaxed charges, like space charge limited currents (SCLC) (see SI section 4 for an example) and photo-CELIV of limited relevance for understanding operational OPV. Mobilities extracted from dark current-voltage characteristics of OPV devices are therefore not particularly suited to make statements about the kinetics underlying the corresponding light current-voltage curve. Likewise, expressing recombination rates in operational OPV in terms of equilibrium mobilities seems of limited use. Even the relevance of properly defi ned and measured time-dependent mean mobilities is limited in view of the strong dispersion in extraction times.
Conclusion
We have studied the ultrafast charge transport of photocreated charges in a typical organic bulk heterojunction photovoltaic device. Charge extraction is experimentally shown to be highly dispersive, with which it is meant that (a) the mobility depends very strongly on time after photo-creation and that (b) there is a large spread in charge extraction times, covering multiple orders of magnitude. Using the experimental data to defi ne parameters for kinetic Monte Carlo modelling, the dispersion is shown to be due to relaxation of photo-generated charges in the disordered density of states; on the length scale of the device thickness charge motion is completely dominated by this relaxation. In fact, due to the (deliberate) simplicity of the Monte Carlo model, which excludes potential additional sources of dispersion in blends due to e.g. non-perfect percolation of PCBM (and polymer) domains creating spatial rather than energetical traps, the calculated dispersions should, for the used parameters, be considered as a lower limit. In either case, there is no unique mobility in an operational OPV device. We have, however, shown that the extraction time distribution of photo-generated charges, which is a relevant measure of the dispersion of an OPV device under operational conditions, can be determined from measured pulse responses. Moreover, we demonstrated that charge kinetics are orders of magnitude faster than what would be expected on basis of nearequilibrium mobilities. Finally, the out-of-equilibrium charge carrier distributions give rise to a remarkable distribution of the photocurrent over energy, with the most relaxed charges in fact diffusing against the electric fi eld, reducing the net photocurrent. Care should therefore be taken when employing formalisms that implicitly or explicitly assume a near-equilibrium situation to be present in operating OPV cells.
Experimental Section
Materials : We have studied polymer:fullerene solar cells based on a bulk heterojunction of poly[2,3-bis-(3-octyloxyphenyl)quinoxaline-5,8-diyl-alt -thiophene-2,5-diyl] (TQ1): [6, 6] -phenyl-C71-butyric acid methyl ester (PC 71 BM). [ 15 ] TQ1 is a liquid crystalline polymer, with an internal donor-acceptor motif of thiophene and quinoxaline. [ 15 ] When mixed with PC 71 BM the later shows small degrees of crystallization. [ 30 ] As such, TQ1:PC 71 BM is an archetypical system and the results that follow are expected to apply to a broad range of disordered polymers.
Sample Fabrication : Semitransparent solar cells in inverted geometry with the following structure: ITO/PFPA-1/TQ1:PC 71 BM/PEDOT:PSS (Clevios PH1000) were investigated (See SI section 1 for device characteristics). The used donor-acceptor ratio is 1:2.5. The active layer thickness was 70 nm as measured with a Dektak surface profi lometer. Detailed information on sample fabrication, device parameters etc. can be found in Ref. [ 31 ] The thick active layer (440 nm) solar cell was fabricated in the same manner, except that the active layer was dropcasted from an ODCB solution and allowed to dry in the glove box. The neat TQ1 fi lm for photo-CELIV measurements was blade-coated from an ODCB solution. Electron-only devices were fabricated in the following geometry: Al/TiO x /TQ1:PC 71 BM/LiF/Al, hole-only devices: ITO/ PEDOT:PSS/TQ1:PC 71 BM/PEDOT:PSS (PH1000). Active layers were spin-coated using identical settings as for the solar cell device.
TREFISH and Integral Mode Time-of-Flight (TOF) Measurements : These were performed simultaneously, i.e. measuring the response of the solar cell from the same pump pulse. For integral mode TOF measurements a 10 kΩ load was used. Matching to TREFISH is achieved by shifting all TOF traces by -20 ns due to the uncertainty of t = 0. The absolute height is corrected by an experimentally determined scaling factor, which accounts for the nonhomogeneous illumination of the entire sample area. Samples were pumped through the PEDOT side with a 550 nm laser at 980 Hz repeat rate and a pump fl uence of 5 × 10 11 photons/cm 2 per pulse. Probing was through the PEDOT side at a wavelength of 800nm and a fl uence of 2.8 × 10 15 photons/cm 2 per pulse. However, absorbance of the sample was negligible at the probe wavelength, thus sample exciation by the probe was insignifi cant. The probe detector was placed on the ITO side. The temporal resolution of this experiment is limited only by the duration of the laser pulses used (≈120 fs), allowing for sub-ps time resolution. The working principle of TREFISH is described in detail elsewhere. [ 17 ] Briefl y, the changing electric fi eld due to the motion of photogenerated charge carriers is probed by recording the intensity of the EFISH signal, i.e. the second harmonic of the probe beam, which is electric fi eld dependent as 2 F ∝ (see SI section 6). The change in electric fi eld can then be straightforwardly transformed into an amount of extracted charge Q ( t ) = CdF ( t ) with d the layer thickness. This implies that the fi eld distribution within the sample thickness has to be homogeneous (see SI sections 5 and 6). This is mostly assured by measuring at pump fl uencies which do not induce fi eld changes larger than 10% of the applied fi eld. As exciton dissociation occurs on much shorter timescales than investigated here, the excitonic contribution to the TREFISH signal is not observed and thus ignored. [ 17 ] Photo-CELIV Experiments : These were performed on TQ1:PC 71 BM devices and pure TQ1 fi lms. Charge carriers are photogenerated by a ns laser pulse (500 nm) and after a variable time delay extracted by a linearly increasing voltage (CELIV). From the temporal position of the extraction current maximum charge carrier mobility can be estimated. The formula used for calculation depends on the approximation method employed. In this work it was estimated as suggested by Juška. [ 32 ] Kinetic Monte Carlo Model : This accounts for the hopping charge motion in the energetically (Gaussian) disordered HOMO and LUMO levels of the donor and acceptor materials, respectively. Exciton diffusion via the Förster and Dexter mechanisms is accounted for. Infi nite slabs of material are simulated using periodic boundary conditions in the x , y -directions. Metallic contacts sit on either side of this slab. The full Coulomb interaction between all charges and their image charges that arise due to the metal contacts and the periodic boundary conditions are accounted for. Simulations in Figure 2 were carried out with periodic boundary conditions in all directions (i.e. no contacts) in the presence of a small electric fi eld to enable determining the mobility without affecting it (1 V/100 nm). Charges sitting on the same site or on a nearest neighbor site are, respectively, treated as excitons and charge transfer (CT) complexes that can recombine with certain (different) rates. A detailed description of the model is given in the SI, section 2, where also the used parameter values are listed and motivated.
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